Despite having never been synthesized, the MAX phase Zr 2 AlC attracts a lot of interest owing to its foreseen properties. A possible way to circumvent this obstacle is to stabilize Zr 2 AlC by partially substituting one of its constituting elements. Here we report on attempts to synthesise quaternary MAX phases (Zr,M) 2 AlC and Zr 2 (Al,A)C where M = Cr, Ti or Mo and A = S, As, Sn, Sb and Pb. We were notably able to produce Zr 2 (Al 0. Introduction The MAX phases are a family of carbides and nitrides crystallizing with the hexagonal P6 3 /mmc structure in the general formula M n+1 AX n with n being an integer, M being an early transition metal, A being a group 13-16 element and X being C and/or N.
Introduction
The MAX phases are a family of carbides and nitrides crystallizing with the hexagonal P6 3 /mmc structure in the general formula M n+1 AX n with n being an integer, M being an early transition metal, A being a group 13-16 element and X being C and/or N. [1] Around 70 ternary MAX phases can be synthesized as a bulk phase. More than half of known MAX phases with n = 1 were first reported in the 1960s by Nowotny et al.
[2] and named 'H-phases'. They were almost completely ignored for two decades until Barsoum and El-Raghy renewed interest in 1996 by reporting the remarkable properties of Ti 3 SiC 2 , [3] then demonstrating these properties were shared by the other MAX phases [4, 5] and by finally defining the current 'MAX phase' appellation and definition. [6] Owing to their structure consisting of the stacking of n 'ceramic' layer(s) of MX interleaved by an A 'metallic' plane, MAX phases show a combination of both ceramic and metallic features (high thermal shock resistance, good machinability and high thermal and electrical conductivities, alike most metals; high decomposition or melting temperature, high elastic stiffness, and high oxidation and corrosion resistance as *Corresponding author. Email: d.horlait@imperial.ac.uk; horlait@cenbg.in2p3.fr common for ceramics). [1] Since the mid-2000s, discoveries of new stable bulk ternary MAX phases for n values of 1-3 have been rare [7] presumably inferring that the true achievable list is close to be completed. [8] More recently research aimed to: (i) identify MAX phases with higher n, [8] (ii) produce thin films [9, 10] and (iii) investigate the formation of quaternary MAX phases (i.e. the partial substitution of either the M, A or X element by a fourth element). [11, 12] The latter is almost limitless in terms of possible combinations. Recently, Naguib et al. listed 24 quaternary MAX phases for which at least one composition was already reported in the open literature, [11] some of them also existing with different n values. This approach also offers the possibility of including new elements that are not reported to form alone a bulk ternary MAX phase, such as Mn incorporated in (Cr 1−x Mn x ) 2 GaC (0 ≤ x ≤ 0.3). [13] While also adding Bi in the list of MAX phase forming elements we were able to synthesize Zr 2 (Al 0.42 Bi 0.58 )C, despite the fact that the two corresponding end-members (Zr 2 AlC and Zr 2 BiC) seemingly cannot be. [14] Similar effect is given by V substitution as noticed by Zhou 3 AlC 2 were stabilized thanks to ordering of the two M atoms of each of these compounds onto the two different Wyckoff sites with n = 2 (e.g. Cr is exclusively detected on the 4f sites while Ti is predominantly on the 2a sites in (Cr 2/3 Ti 1/3 ) 3 AlC 2 ). These examples outline that quaternary MAX phases could be synthesized to approach as close as possible the composition and properties of non stable or metastable ternary MAX phases of interest.
Among all apparently non-synthesizable ternary MAX phases, Zr 2 AlC is of prime interest, especially for the nuclear industry [14] mostly because of the high neutron transparency of Zr 2 AlC constituting elements but also its potentially good irradiation resistance behaviour, as found in other MAX phases. [19, 20] In particular, Zr 2 AlC is strongly considered as a protective material in modified Accident Tolerant Fuel (ATF; [21] ) assembly grids [22] since as demonstrated for other Albased MAX phases, a good high temperature oxidation resistance is expected. [1] In the present paper we report syntheses attempts of numerous (Zr 0.75 M 0.25 ) 2 AlC, (Zr 0.5 M 0.5 ) 2 AlC and Zr 2 (Al 1−x A x )C (0.25 ≤ x ≤ 0.6), compositions, with M = Mo, Ti or Cr and A = S, As, Sn, Sb or Pb. The M and A elements were chosen primarily with consideration for their neutron cross-section [23] and further selected by the fact that the M 2 AlC and Zr 2 AC ternary MAX phases were reported to be synthesizable. [1] For their closeness in term of properties with their MAX phase former neighbours in the Periodic Table, Mo, As and Sb were also selected despite not passing the second selection criterion. This report complements a recent paper focused on the Zr 2 (Al 0.42 Bi 0.58 )C MAX phase [14] that also contained a non-regular A-element and also reports on (Zr 0. 4 balls in an argon (Ar) filled glove box. The jars were sealed and placed for 0.5 h at 360 rpm in a rotary mill (Nanjing University Instrument Plant, China). The mixed powders were then transferred in the glove box and kept in sealed plastic bottles until used for the synthesis.
As is the custom for most MAX phase syntheses, stoichiometries were experimentally adjusted to 2/1.05/0.95 for (Zr + M), (Al + A) and C, respectively (Table 1 ). This is in order to compensate for the usual partial sublimation of the A element(s) and the possible partial uptake of carbon from the graphite crucibles and dies used. Reactions were carried out by pressureless heating of the powders under Ar. Minutes before the thermal treatment, the sealed Ar-filled bottles were opened and the powders were poured in graphite crucibles (provided by Almath Crucibles Ltd., UK) which were then placed in a hot press here used as a graphite furnace in presureless mode (FCT Systeme HP W/25/1, Rauenstein, Germany) filled with Ar (static). Four different synthesis temperatures were used: 1900°C (10 min dwelling, then 1 h at 1600°C), 1450°C (1 h dwelling), 1300°C (10 h) and 1150°C (10 h). Heating and cooling rates were set at ∼ 20°C min −1 . When needed, the obtained solids were crushed into powder in an agate mortar using an agate pestle (usually for compounds obtained at reaction temperatures ≥ 1300°C). The obtained powders were then analysed by X-ray diffraction, XRD, using a Bruker D2 Phaser SSD160 (Karlsruhe, Germany) equipped with a Cu source (Kα 1 /α 2 = 1.5406/1.5444 Å). Routine analyses consisted of o 2θ scans with a 0.03 o 2θ step and 0.4 sec step −1 . Crystalline phase determination was done with the help of X'pert HighScore Plus software (PANalytical B.V. Almelo, the Netherlands) using ICDD (International Centre for Diffraction Data) database. Existing Ti 2 AlC (29-0095), Cr 2 AlC (29-0017), Zr 2 PbC (28-0546), Zr 2 SnC (29-1355) and Zr 2 SC (16-0848) datasheets were used as references for tentative matching. Similarly, the presence of higher order MAX phase (n = 2 or 3) or other non-MAX phases ternary layered carbides was ruled out respectively by comparing to powder diffraction simulated patterns created using Crystal Maker and Crystal Diffract softwares (CrystalMaker Software Ltd., Oxford, UK) and by comparison with reported XRD data ( [25] and references therein, [26] ). Refinement of unit cell parameters was done by full-pattern matching (Le Bail function) using the Fullprof Suite program. [27] When required, Rietveld refinement was also utilized using X'pert HighScore Plus software Rietveld tool. Scanning Electron Microscopy imaging and coupled Energy Dispersive Xray Spectroscopy (EDX) were carried out in a JEOL JSM-6400 (Tokyo, Japan) scanning electron microscope (SEM), equipped with an EDX detector (ultra-thin polymer window, INCA, Oxford Instruments, Oxford, ( ≈ 10.000 μm 2 ) were performed. They reveals Zr/(Zr + Al + S) ratios of 0.8 to 0.85, indicating the loss of both Al and S. Al 2 S 3 normally evaporates at 1500°C, but it is reasonable to assume some Al-S compounds richer in S (or Al-S-C compounds) can volatilize below 1300°C. [30] Despite this partial loss of Al and S, a MAX phase was detected by XRD in all Zr 2 (Al 1−x S x )C powders. Lattice parameter refinement (summarized in Table 2 ) always resulted in values close to those reported for Zr 2 SC. That does not indicate per se that the Al content in the formed MAX phases is low as S substitution by Al in the structure could potentially be achieved without notable unit cell parameter changes. This is, however, unlikely considering that DFT calculations [14, [31] [32] [33] [34] [35] and existing lattice parameters values for other Zr 2 AC and M 2 AlC MAX phases allow to predict that a hypothetical Zr 2 AlC compound should fall in the following ranges: 3.1 < a < 3.4 and 13.6 < c < 14.7 Å. Therefore, even considering the lowest projected value for Zr 2 AlC (13.6 Å) the c lattice parameter (12.1 Å for Zr 2 SC [1, 28, 36] ) is expected to strongly increase even for limited S by Al substitution. Lastly, Al-rich phases ZrAl 2 and ZrAl 3 are present in significant amounts as secondary phases (Table 1 ). This all suggests that Al has very little, or no, solubility in Zr 2 SC.
Attempts to make a Zr 2 (Al 0.5 As 0.5 )C MAX phase at 1150°C and 1300°C were also unsuccessful according to XRD. Similarly, the synthesis of Zr 2 (Pb 0.45 Bi 0.55 )C was attempted at 1300°C, motivated by the possible usefulness of such a potential MAX phase in the leadbismuth eutectic cooled nuclear reactor design. [39] A MAX phase was detected as a secondary phase, however based on EDX no quantifiable amount of Bi was found in the MAX phase, suggesting Zr 2 PbC was formed with little or no Bi in it.
Three compositions were eventually determined to produce positive results matching the initial goal of synthesizing a MAX phase as compositionally close to Zr 2 AlC as possible: Zr 2 (Al 0.5 Sn 0.5 )C, Zr 2 (Al 0.5 Sb 0.5 )C and Zr 2 (Al 0.5 Pb 0.5 )C. According to XRD, all three presented better results (lower unwanted phase contents) at 1300°C than at 1450°C or 1150°C. This is in agreement with El-Raghy et al. [40] who determined that for Sn and Pb-based MAX phases (including Zr 2 SnC and Zr 2 PbC), the onset temperature of decomposition and also the best temperature for time-effective formation of such MAX phases were around 1200-1300°C. They also understood that finding the optimal reaction temperature is difficult due to ZrC duality, being both a Zr 2 AC precursor and its main decomposition product. The closeness of decomposition and necessary reaction temperatures likely explains why the syntheses 10 h at 1300°C were more successful than those for the same dwell time at 1150°C presumably because of slower kinetics of formation, while temperature as high as 1450°C promoted the competing decomposition process.
X-ray diffractograms of these 3 compounds of interest (prepared at 1300°C) are presented in Figure 1 ; the results of refinement are summarized in Table 2 . The Sb-based composition contains significantly more ZrC than the other two compositions. Rietveld refinement was additionally performed to estimate the phase mass ratios and confirmed the 211 MAX phase content in the 1300°C Zr 2 (Al 0.5 Sb 0.5 )C sample was low (less than 30 wt %, even disregarding for refinement purpose the unassigned diffraction lines) compared to the 57 wt % of [14] In the aforementioned chemistries full occupancy of two was assumed for the Zr atomic sites.
Note that EDX revealed the targeted ratio x = 0.5 was not reached; in all cases the compounds contained less Al than expected. This may be explained by partial volatilization of Al, although this is improbable as ∼ 15 wt % of Table 1 ). All images are for a reaction temperature of 1300°C (10 h dwelling). operational limiting reactant -Pb or Sn-respectively leaving the excess Zr, Al and C to form ZrC and ZrAl 2 . This likely explanation is also supported by the phase weight ratios determined by Rietveld refinement (65 wt % Pb-MAX/21 wt % ZrC/14 wt % ZrAl 2 and 57 wt % Sn-MAX/25 wt % ZrC/18 wt % ZrAl 2 ) which sum fairly well to the initial elemental ratios.
In contrast the Zr 2 (Al 0.5 Sb 0.5 )C composition differs as the relative amount of MAX phase is much lower (< 30 wt % when performing Rietveld and disregarding unassigned phase(s)) and the rarity of Sb in the non-MAX grains (determined by EDX) means a substantial fraction of the initial Sb escaped before completion of the MAX phase formation, presumably by volatilization of a Sb-rich binary or ternary compound; Garcia and Corbett, [41] for example, reported quantitative Zr-Sb volatilization can occur below 1000°C. Table 2 [4, 37] and Zr 2 PbC respectively, [1, 38] which is not too surprising given the smaller atomic radius of Al compared to Sn or Pb. From Figure 3 , it is first worth noting that the progressive replacement of Al by another heavier and larger element (Sn, Sb, Pb or also Bi [14] ) mainly impacts the a lattice parameter (up to ∼ + 1.7% relative expansion from Zr 2 AlC [14] to Zr 2 PbC [38] ) and much lightly the c parameter (up to ∼ + 0.6%); in other words the Zr 2 AC unit cell expand (or shrink) relatively more along the (0001) plane than along the c-axis when the A element atomic size increases (or decreases). In Figure 3 (Table 2 and [1] ). This is true Table 2 for references). Zr 2 AlC values (x = 0) were selected from the most recent DFT calculation estimates [14] . except for Zr 2 SC, which presumably has a peculiar structural stability. [14, 42] It is therefore suggested that the stabilization of the Zr 2 AC and Zr 2 (A,A')C phases can only be reached in the above-defined lattice parameter narrow ranges and that steric constraints could (partially) drive the formation of Zr 2 (Al 0.2 Sn 0. 
